In this paper, we report the photoluminescence (PL) properties of porous ZnO nanotubes prepared by a two-step hydrothermal method. The nanotubes show a nearly homogeneous size of about 250 nm diameter, 50 nm wall thickness and 500 nm length. There are always some scattered nanoholes with sizes ranging from several tens of nanometres to about 200 nm on the side wall of each nanotube. A polychromatic PL band consisting of blue, green and orange emissions was realized by introducing the unwanted native defects into the ZnO lattice. Both the porous structure and the production of the unwanted defects are closely correlated with the non-equilibrium reaction condition during the preparation of porous ZnO nanotubes. The origin of the polychromatic PL was discussed together with the measurements of the PL features of the nanotubes annealed at different atmospheres and the lifetime of the three visible emissions. Porous ZnO nanotubes with polychromatic emission are expected to find much potential application in UV-excited wide-spectrum phosphors.
Introduction
Solid-state light sources have attracted tremendous research in recent years due to their advantages over traditional incandescent and fluorescent lamps, such as reduced energy consumption, independence of foreign oil, less emission of greenhouse gases and no mercury pollution [1] [2] [3] [4] . Polychromatic emission, including di-, tri-and tetrachromatic emissions, in the visible region is indispensible to build a white source, in which the greater the chromatic emission, the higher the colour rendering index of the light source [2] , and more importantly, the polychromatic visible emission can be directly used in the wide-spectrum light source. Nevertheless, to date polychromatic emission contributed by one phosphor has been seldom reported [3] . Exploring strategies to fabricate a luminescent material exhibiting polychromatic emission in the visible region is still a great challenge.
The nanostructuring of bulk semiconductors has been proven an alternative approach to creating artificial materials 1 Author to whom any correspondence should be addressed. exhibiting specific properties. There are a large number of defect species, such as surface defects and interfacial defects in the nanostructured material due to its high surface specific area and small size, and these defects could serve as luminescence centres [5, 6] . The II-VI semiconductor ZnO has attracted increasing interest for the need to develop a bright emitter and phosphor in the ultraviolet and visible-wavelength region since the room temperature ultraviolet laser was demonstrated [7] [8] [9] . For a high quality bulk ZnO, the photoluminescence (PL) intensity in the visible region is much weaker than that of the band edge emission [10, 11] , while for the nanostructured ZnO, the intensity of the visible emission can be much stronger [12] [13] [14] , making nanostructured ZnO a promising visible phosphor [15] . However, to achieve a broadened visible emission in nanostructured ZnO, several luminescent centres must be introduced into the band gap. Recently, Zeng et al [16] and Cao et al [17] have obtained a dichromatic visible PL emission in blue/violet and green regions by introducing zinc interstitial defects into the ZnO host lattice. These results indicate that the polychromatic emission could be realized by controlling the synthesis process of nanostructured ZnO for the selection of specific defects.
In this study we report the PL of porous ZnO nanotubes. A polychromatic PL band consisting of blue, green and orange emissions was realized through the introduction of unwanted native defects by a non-equilibrium reaction condition.
Experimental details
All reagents including zinc chloride (ZnCl 2 ) and ammonia (NH 3 · H 2 O) were of analytical grade and used without further purification. In a typical procedure, 80 ml of 0.1 M ZnCl 2 solution was first prepared, and then 4 ml ammonia (25%) was dropped into the solution under magnetic stirring. The mixture solution was stirred for 10 min and then transferred into a Teflon autoclave. The autoclave was put in an oven first at 95
• C for 70 min, and then the oven was cooled rapidly at a rate of about 40
• C min −1 to 75 • C and maintained at this temperature for 120 min and finally the autoclave was cooled down naturally to room temperature. A silicon wafer suspended horizontally about 5 mm below the solution surface was used to collect the products. The precipitate was rinsed with de-ionized water and dried naturally before further characterization. The morphology of the products was examined by scanning electron microscopy (SEM, Sirion 200) and transmission electron microscope (TEM, JEM-2010). The crystal structure was characterized by x-ray diffraction (XRD) using Cu Kα 1 line (Philips X'Pert). The PL spectra and decay curves were recorded in an Edinburgh FLS 920 combined fluorescence lifetime and steady state spectrophotometer. The excitation light source for the PL spectra is a Xe lamp and that for the decay curves is a nF900 nanosecond flashlamp with a resolution of 100 ps. [18] . A typical TEM image shown in figure 2 further confirms the tubular structure, and it is observed that the porous nanotubes have an outer diameter of about 250 nm and wall thickness of about 50 nm, which is in agreement with the SEM observations. The selected-area electron diffraction pattern (the inset of figure 2) corresponds to the [22 0 0] zone axis of wurzite hexagonal structure ZnO.
Results and discussion
The formation of the porous tubular nanostructure is closely related to the polar feature of ZnO crystal. In general, both the growth and dissolution rates of ZnO crystal along the c axis are faster than that of the other low-index non-polar planes [18, 19] . In our study, as described in equation (1),
when the reaction temperature is above 75
• C, it accelerates the reaction of equation (1) towards the right side and favours the formation of ZnO, while below 75
• C, reaction (1) shifts to the left side and leads to the dissolution of ZnO [18] . Therefore, during the initial heating step at 95
• C, the nanorods are first formed and then grow because of the fast growth rate along the c-axis, and the growth rate of the nanorods decreases after rapid cooling down of the oven from 95 to 75
• C. At 75
• C, a non-equilibrium reaction condition that ZnO simultaneously deposits and dissolves is created. The dissolution of the ZnO nanorods still proceeds preferentially along the c axis, and thus a tubular nanostructure is first formed. Since there are absorbed impurities, strain zones and pits on the lateral surface of the nanotubes, the scattered nanoholes with different diameters are gradually etched out heterogeneously on the rough wall of the as-formed tubular structure with a prolonged reaction time at 75
• C. It was found that the proper control of the reaction time at 75
• C is essential in obtaining the porous structured nanotubes; the optimal reaction time is about 120 min and if the heating time is longer than 180 min, the nanotube will be etched into pieces. In addition, if the reaction temperature is lower than 75
• C, such as at 60
• C, it is hard to control the formation process of the porous nanotube structure due to the faster dissolution rate at a low temperature. Figure 3 shows the PL spectra of the porous ZnO nanotubes at an excited wavelength of 325 nm and the corresponding Gauss fitting. A wide-spectrum visible PL band can be clearly seen, and no obvious UV emission can be observed. It is obviously different from the typical PL spectra of ZnO in which a green band (centred at about 2.5 eV) in the visible region accompanies a UV band edge emission (centred at about 3.3 eV) [10] [11] [12] [13] [14] . The PL band in this study consists of a broad blue emission and a relative sharp orange emission, and in between there is an inconspicuous green emission. According to the Gaussian fitting, these three emissions are centred at 428 nm (2.90 eV), 507 nm (2.45 eV) and 598 nm (2.07 eV), corresponding to blue, green and orange emissions, respectively.
The wide-spectrum PL band is considered to be related to complex defect species induced by a non-equilibrium reaction condition. As described above, at 75
• C, a non-equilibrium reaction that ZnO simultaneously deposits and dissolves is created. A long time reaction at 75
• C favours not only the formation of the porous nanotube structure but also the production of complex defect species. It is well known that under an equilibrium condition, the oxygen vacancies (V O ) is prone to be produced [20] , while under non-equilibrium conditions, such as high pressure or high temperature, some unwanted defect species will come into being [16] . In this work, the critical reaction temperature of 75
• C together with the high pressure provided by the autoclave will induce a heavy lattice distortion and lead to the production of some unwanted and complex defects species in the ZnO lattice. Different defect energy levels in the ZnO energy band, such as vacancies of oxygen and zinc, interstitial oxygen and zinc and antisite oxygen O Zn in ZnO lattice, have been calculated [21, 22] . The energy from the interstitial zinc energy level to the valence band and the conduction band to the antisite oxygen O Zn defect energy level is 2.9 eV and 2.38 eV, respectively, and they are consistent with the energy level of the blue emission (2.9 eV) and the green emission (2.45 eV) in this study. The energy between the conduction band and the oxygen interstitials level is about 2.28 eV [18] and the defect energy level of zinc interstitial is about 0.22 eV below the conduction band edge [23, 24] ; therefore, the energy between the oxygen and zinc interstitial energy levels is about 2.06 eV, which is in good agreement with the energy of the orange emission (2.07 eV). The orange emission is hence considered to originate from the transition of electrons between these two interstitial defect levels. The polychromatic emission might be closely related to the co-existence of the interstitial zinc and oxygen defects as well as the antisite oxygen O Zn defect in ZnO lattice.
To further investigate the origin of the polychromatic emission, the PL features of the porous ZnO nanotubes annealed at 500
• C under different atmospheres were studied, and the results are shown in figure 4 . Two apparent characteristics can be seen: (1) a similar intensity changing tendency of the green and orange emissions and (2) the simultaneous disappearance and reappearance of the orange and blue emissions. The intensity of both green and orange emissions decreases when annealed in reductive atmosphere and increases when annealed in oxidative atmosphere. This result proves that the origin of both the green and orange emissions arises from rich oxygen states, which is in agreement with the previous reports that the green emission is related to the antisite oxygen O Zn defects and the orange emission to the oxygen interstitial defects [21, 25, 26] . The reappearance of the orange emission was observed for the porous ZnO nanotubes annealed at O 2 atmosphere after a near emission quenching in H 2 atmosphere. This reversible orange emission reflects the importance of the native oxygen interstitial defects in the carrier relaxation process [27] . As mentioned above, the origin of the blue emission is related to the zinc interstitial defects; the simultaneous disappearance and reappearance of the orange and blue emissions may demonstrate that the orange emission is related to zinc interstitial defects, which is in agreement with the recent report [28] . that each of the decays shows a multi-exponential behaviour, and the two lifetimes give the best fitting result for each emission, as shown in table 1. It is apparent that there are two groups of lifetimes with nearly the same value: the short lifetimes of blue and orange emissions and the long lifetimes of green and orange emissions. The nanostructuring process provides a higher specific surface area and creates many non-radiative channels [6] . The energy interval between the zinc interstitial defect level and the conduction band is about 0.22 eV, which is relatively narrow and well fit the nonradiative relaxation. The short lifetimes (about 0.9 ns) of the blue and orange emissions are thus ascribed to originate from the same mechanism, i.e. the relaxation process of electrons from the conduction band to the interstitial zinc levels. The long lifetimes of the green and orange emissions with nearly the same value (about 14 ns, see the inset in figure 3 ) attribute to the adjacent energy levels of the two rich oxygen states in the energy band, i.e. antisite oxygen O Zn and oxygen interstitial. From the above discussion, the energy level diagram of the defect in the band gap of the porous ZnO nanotubes can be drawn, as shown in figure 6 . The origin of the blue emission is related to the transition of electrons between the zinc interstitial defect level and the valence band, while the green emission to that between the conduction band and the antisite oxygen O Zn defect level, and the orange emission originates from the electrons' transition from the zinc interstitial defect level to the oxygen interstitial defect level. Therefore, the polychromatic visible PL results from zinc and oxygen interstitial defects and oxygen antisite O Zn defects.
Porous ZnO nanotubes with polychromatic emission are highly expected to be used as a UV-excited phosphor producing a broad visible-wavelength light in the next generation solid state lighting systems.
Conclusions
In summary, porous ZnO nanotubes with scattered nanoholes on the side wall of each nanotube were fabricated via a simple two-step heat-treatment hydrothermal method. The formation of the porous ZnO nanotubes is induced by preferential etching along the polar direction of ZnO nanorods. A broadened polychromatic PL band consisting of blue, green and orange emissions was realized by the introduction of unwanted native defects into the ZnO lattice, which is closely correlated with the non-equilibrium reaction condition during the preparation of the porous ZnO nanotubes. The PL features of the nanotubes annealed at different atmospheres and the lifetime of the three visible emissions provide a direct evidence of the origins of the polychromatic emission. The origin of the blue and green emissions is due to zinc interstitial defects and oxygen antisite O Zn defects, respectively, and the orange emission is considered to originate from the radiative transition of electrons from the zinc interstitial energy level to the oxygen interstitial energy level.
